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ABSTRACT
A considerable proportion of highway bridges in the US, are made of reinforced concrete.
The vulnerability of these structures during their long service life is a cause of major concern for
civil engineers. Since there is a need to detect and recuperate the condition of the bridge
structures numerous innovative non-destructive testing (NDT) techniques have come into the
forefront. Of the many available technologies, acoustic emission (AE) monitoring has been the
most popular non-destructive technique used on highway bridges.
Acoustic emission is a passive monitoring technique. Thus, it can be appropriately used
for field bridge monitoring applications. Usually AE monitoring is used to obtain qualitative
results by observing the trends of the conventional AE parameters recorded by the data
acquisition system. The extent of damage is then determined using other NDT techniques. The
current study aims at applying the intensity analysis technique of damage quantification to
conventional AE parameters generated from reinforced concrete members. A few reinforced
concrete beams are subjected to varied cyclic load patterns in the laboratory to study the trends
that may be observed in the intensity chart during damage propagation. The results thus obtained
are then compared to other prevalent damage assessment techniques as well. Additionally, AE
data collected from two field bridge tests are also subjected to intensity analysis technique of
damage quantification to evaluate the practical viability of the technique in assessing the severity
of the damage in the monitored structures.
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CHAPTER 1 – INTRODUCTION
1.1 Background
The rapid deterioration of civil structures, such as bridges, is a cause of major concern all
over the world. In the US as of 2004, it was reported that at least 27% of all bridges were rated as
‘deficient’ (ASNT Handbook Vol.6). This rating implies that either closure of the bridge or
restriction of heavy vehicles from passing is recommended due to the decreased structural
integrity. The implications of the rising figures of deteriorated structures have caused engineers
to look into the need of reforming inspection methods that have been followed over the years.
The non-destructive techniques used widely in aerospace and pressure vessel industries have
been adapted to enable the incorporation of these techniques to monitor and also make
predictions that may help extend the remaining service life of a civil structure.
Of the many non-destructive techniques available, acoustic emission (AE) was found to
be the most widely used method for highway structures (Rens et al.1997). Acoustic Emission
testing is a powerful nondestructive testing tool for examining the behavior of materials
deforming under stress. By definition, AE is the class of phenomena whereby transient elastic
waves are generated by the rapid release of energy from a localized source or sources within a
material (ASTM E 1316). Thus, the technique can be used to listen to events that lead to failure
of a material using sensors that act like the material scientist’s stethoscope. The acoustic
emission testing technique uses either operational or applied loads to simulate emissions from
the material to be tested. A single test system may be used for many different measurement
applications by making suitable frequency adjustments. In order to interpret the results obtained
from these tests, one should know the underlying physical process involving the propagation of
the wave in test materials, techniques and equipment used in measurement, inherent material
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characteristics, and the possibility of background noises that may interfere in the acquisition of
data.
A few of the successful applications of AE have been in areas such as intermittent or
continuous monitoring of pressure vessels wherein acquisition systems are employed to detect
and locate active defects; detect fatigue failures in aerospace and other structures; characterize
variant damage mechanisms; and also monitor stress corrosion cracking (ASNT Handbook
Vol.6).
For bridges, though many successful inspections have been carried out using the
technique, there has not been any definite standard that specifies the exact procedure and other
requirements that are needed to carry out an AE test. Bridges are mainly made of steel, then
concrete, wood and more recently fiber-reinforced polymer (FRP) materials (Chase et al. 1997).
It is known that these materials emit energy in the form of elastic waves due to various materialrelevant damage mechanisms that are produced due to the loading conditions that exist in
bridges. These waves are picked up by sensors attached to the surface of the material. Further
evaluation of the discontinuities detected gives an overall picture about the condition of the
bridge and helps officials to prioritize repair and maintenance. One of the first successful bridge
monitoring, was carried out in 1972 by the joint effort of Physical Acoustics Corporation (PAC)
along with Dunegan Testing on the Dumbarton Bridge over San Francisco Bay (pacndt.com).
The intention was to monitor the main lift cables of the bridge. Since then, a huge number of
inspections of several other bridges were carried out using the same technique by PAC and other
corporations like TISEC, Vallen etc.
1.2 Project Tasks and Objectives
Although there were numerous successful AE bridge monitoring cases reported, most of
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the results reported usually comprised of source location as an outcome of local monitoring of
known or suspected regions of damage. And once the damage was located, other NDT
techniques were required to quantify the observed damage.
Since this technique has been in use for numerous years in the aerospace and pressure
vessel industries, the quantification techniques were first attempted with the huge database of
information collected from materials like metals and reinforced plastics used in these industries
to establish standardized curves and trends (Fowler et al. 1999). Researchers like Golaski et al.
(2002), used the already established curves and patterns for materials that make up most civil
structures. Charts specific to materials like reinforced and prestressed concrete are still not
available.
This thesis aims to utilize the intensity analysis method of quantification and to establish
trends specific to reinforced concrete that may be applicable to actual bridge structures. The
results obtained from observations made from four reinforced concrete beams subjected to
different load patterns are analyzed to arrive at trends specific to the material.
To achieve this goal, the following tasks were planned:
¾

A comprehensive literature review of all currently existing quantification techniques

adapted for bridge structures.
¾

Conduct viable experiments on reinforced concrete beams in the laboratory that may

imitate the behavior of actual bridge girders as nearly as possible.
¾

Arrive at zones of damage from the comparison of the results obtained from the tested

beams.
¾

Conduct bridge tests to accumulate information from an actual bridge site and to attempt

to compare the trends observed in the field with the damage intensity zone charts developed from
the beams tested in the laboratory.
3

¾

Ascertain the trends observed using additional analysis techniques like Felicity ratio and

NDIS criterion.
¾

Report all observations for each case considered and draw conclusions along with

recommendations for future work.
1.3 Scope and Limitations
Concrete, unlike other homogenous materials, tend to highly attenuate acoustic signals. It
is not an easy task to trace damage progression in this material using the acoustic emission
technique. Thus, careful considerations are made for the sensor array configuration, number and
type of sensor chosen to observe damage. This thesis explores the applicability of the intensity
technique of quantitative analysis to reinforced concrete members. Laboratory tests were carried
out on reinforced concrete beams where only the bending mode of failure is considered, and this
mode is assumed to be one of the main forms of bridge girder behavior. The loading profiles
adopted are mostly cyclic with appropriate holds to enable apt analysis of the acoustic signals
captured while loading. Also, two field bridge tests were carried out during the course of this
research; the information collected from these tests were used to see if the intensity curves
established could be put to practical use.
The establishment of damage zones is done with the data collected only from four
beams tested in the laboratory, which may be considered a limitation of this research. All tests
were conducted using just four R6I acoustic emission sensors, which are sufficient for use on the
lab-tested beams but limit coverage on huge structures like bridges. The use of resonant sensors
R6I with an operating frequency range of 40-100 kHz is a debatable issue since researchers like
Carter et al. (1998) and Chotickai (2001) suggest that these sensors are not suitable for full-scale
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bridge tests, while Ohtsu et al. (2002) argue that these sensors are more effective for field bridge
tests due to low signal attenuation.
1.4 Chapter Layout
This thesis comprises of six chapters. Following this introductory chapter, Chapter 2
contains an introduction to the acoustic emission technique of non-destructive testing and a
detailed literature review of the current data analysis practices used for reinforced concrete
members and bridges made of the same material. Chapter 3 will give specific details about the
laboratory experiments conducted along with the intensity analysis results carried out on the AE
parametric data collected from the tested beams. The following chapter (Chapter 4) is concerned
with additional analyses results obtained to compare the trends observed in the lab specimens
using the intensity chart method. Procedural details of bridge monitoring and analyses results are
the contents of Chapter 5. Finally, a summary of the results, conclusions drawn and the
recommendations for further research constitute Chapter 6.
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CHAPTER 2 – FUNDAMENTALS AND LITERATURE REVIEW
2.1 Introduction to the Acoustic Emission Technique
Acoustic emission (AE) in simple terms is defined as a transient elastic wave generated
as an outcome of a material deformation (Arrington 1987, Sarfarazi 1992). This stress wave
propagates through the solid due to the energy released during the deformation process. The
amount of acoustic energy released depends primarily on the size and the speed of the local
deformation process.
Acoustic activity may be observed both in highly elastic as well as brittle materials. The
classical sources of acoustic emissions are defect-related deformational processes such as crack
nucleation/growth and plastic deformation. Its unique ability to passively record events at their
moment of occurrence is definitely the main reason for this technique to come in to the forefront
of structural monitoring. This advantageous quality permits monitoring during loading (Grosse
2002). The technique can also be characterized as dynamic and volumetric since it is well
adapted for remote monitoring of active defects on varied structures.
The AE technique has been studied for about 60 years (ASNT 2006), and numerous
advantages and disadvantages have been observed, of which a few are listed in the following
paragraphs.
The advantages of the technique may be summarized as:
¾ The only non-destructive method that enables passive and global monitoring of active
defects.
¾ Use of multiple sensors can aid in locating the source of acoustic emissions.
¾ Measurements can be done in real time.
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¾ Detailed analysis of the signals allows for differentiation between genuine damage associated
signals and background noise.
Since acoustic emissions are a result of an irreversible process, and most materials exhibit
the unique ‘Kaiser effect’ (defined later in Sec 2.3.1), thus any loading profile cannot be used for
testing a suspected region to affirm the presence of a source. This property although mostly
useful may sometimes prove a hindrance in testing. The tendency of signals to attenuate and the
elimination of background noise may also be considered as drawbacks of this technique (ASNT
2006).
2.2 Concept of Acoustic Wave Propagation
Inelastic material deformation leads to the release of elastic energy absorbed within the
material. The mechanical waves thus produced radiate from a defect source and get detected by
the transducers that are located on the surface of such a material, as seen in Fig.2.1 below. The
amplitude (and consequently, the energy) of the stress pulse generated at a defect source can vary
drastically depending on the nature of the defect and the dynamics of the source process.

Figure 2.1 Principle of acoustic emission (Vallen 2002)

Basically, an AE signal can be classified into:
7

1. Transient signal (bursts): these signals have definite start and end points deviating clearly from
background noise, as seen in Fig 2.2. They are characteristically associated with crack
propagation.

Figure 2.2 Transient signal (Vallen 2002)
2. Continuous signal: As the name implies, these are continuous waves who have varying
amplitudes and frequencies but never end. Fig 2.3 represents a typical continuous signal pattern.
They are usually the AE response for movements or dislocations.

Figure 2.3 Continuous signal (Vallen 2002)
2.3 Acoustic Signal Parameters
Understanding an acoustic signal requires the knowledge of certain basic terminology
which is essential to analyze and interpret these signals. A typical signal is represented below in
Fig 2.4.
1. Arrival time: Absolute time when a burst signal first crosses the detection threshold. .
2. Peak Amplitude: Maximum absolute amplitude within the duration of the burst signal. The
amplitude is directly related to the magnitude of the source event.
8

Figure 2.4 A typical AE signal (Burman 1999)
3. Rise Time: Time interval between the first threshold crossing and the maximum peak
amplitude of the burst signal. This parameter is often useful in problems involving timedependent processes such as dynamic loading or vibration of structures.
4. Signal Duration: Interval between the first and the last time the detection threshold was
exceeded by a burst signal. Analogous to counts, this parameter measures the source magnitude
(Heiple et al. 1987). It is particularly useful for noise filtering and other kinds of signal
qualification.
5. MARSE: Measured Area of the Rectified Signal Envelope - a measurement of the area under
the envelope of the rectified linear voltage time signal from the sensor. This quantity is preferred
over counts because it is sensitive to both amplitude and duration. It is also less sensitive to
operating frequency and threshold setting. MARSE is the best suited for specifying the overall
cumulative acoustic emissions activity.
The attainable accuracy of data collected using the acquisition equipment is governed by
several signal properties. Attenuation, defined as loss of signal amplitude due to material
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damping and also the geometry of the material may be considered the main influences.
(Arrington 1987). Wave velocity, geometry and material properties are all factors that vary the
amount of acoustic activity generated. (Sarfarazi 1992). Even the kind of stress and rate of
loading applied to the material generates a different AE signature. High acoustic emissivity may
be directly associated with: damage of materials, crack propagation, low-temperature
deformation, brittle fracture, anisotropy, heterogeneity, high strength and high strain-rate.
The advent of new signal processing techniques has simplified removal of unwanted
segments during the post- processing stage. Advanced techniques may need to be applied when
huge structures like bridges may be analyzed, wherein use of additional transducers known as
guard sensors come into play. Logic is implemented in these additional transducers such that
signals first detected by these guard sensors are discarded. (Harrington et al. 1980, Scala et al.
1987).
2.3.1 Significant AE Signal Characteristics
•

Kaiser Effect
This effect was first investigated by Wilhelm Kaiser (1950) who described the

phenomenon that a material under load emits acoustic waves only after a primary load level is
exceeded. Acoustic activity will be absent in the unloading phase. During reloading these
materials behave elastically before the previous maximum load is reached. If the Kaiser effect is
permanent for these materials, little or no acoustic emission will be recorded before the previous
maximum stress level is achieved. This is illustrated in Fig 2.5, which shows the AE rate versus
time along with the load for an experiment where a concrete cube subject to compression was
tested under a cyclic load. The loading path from 1 to 2 to 3 in Fig 2.5 clearly indicates the
absence of emissions up to the previous maximum load.
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Figure 2.5 Kaiser and Felicity effects (Grandt 2004)
•

Felicity Effect
This effect is defined as the appearance of significant acoustic emission at a load level

below the previous maximum applied level typically observed in composite materials and is the
conjugate of the Kaiser effect. In Fig 2.5 we see that at higher levels of stress the material tends
to weaken and thus emits acoustic waves shortly before the previous maximum load is reached
(path 4 to 5 to 6). An understanding of the above effects helps us to set the loading profiles to
ensure sufficient generation of AE.
2.4 Equipment Used in AE Monitoring
The process of AE monitoring is made possible using an array of instruments. Each
component has a unique role to play and is essential to ensure proper monitoring. A brief
description of each component is detailed in this section.
•

Sensors: They are the key instrument that detect the mechanical transient elastic waves
generated from within a structure and convert them into electrical AE signals. Usually
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piezoelectric resonant sensors are used for AE testing. The Fig 2.6 shows a plethora of
various kinds of sensors available in today’s market.

Figure 2.6 Common types of AE sensors (pacndt.com)
•

Couplants and holders: Sensors are affixed to the surface of the material to be tested
using various couplants. These are mainly used to aid in easy and complete conduction of
acoustic waves generated from the source. Commonly used, couplants are oil, glue, high
vacuum grease, etc. Along with the use of couplants, most field tests require additional
holders to hold the sensors in place. A commonly used magnetic holder is seen below in
Fig 2.7.

•

Pre-Amplifiers: The main purpose of this device is to provide gain to boost signals to a
less vulnerable level and effectively filter and reject noise from areas outside the sensor
operating range.

•

Data acquisition system: Modern AE systems use computers and appropriate software
providing a menu-driven parameter input and system control. All the signals received at
the sensor end are acquired and stored in the acquisition system. The new generation
systems also enable extensive post-processing possibilities. Acquisition systems have
also been well adapted for continuous monitoring of structures using wireless technology
and web-based remote monitoring
12

Figure 2.7 Magnetic holder (Vallen 2002)

Figure 2.8 Data Acquisition system (pacndt.com)
2.5 Analysis of AE Signals
AE signature may be collected and analyzed on a parametric basis or waveform basis.
The currently available data acquisition systems all have provisions for collecting data in both
forms. The usual parametric data recorded are the hits, counts, amplitude, duration, etc. For
source characterization purposes, detailed waveform analysis is required; the signal frequency
content is furnished by the system for all such analyses (Mirmiran et al. 2000).
2.5.1 AE Signal Parametric Analysis
This kind of analysis can be again categorized as qualitative and quantitative. The general
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trends of the data collected in real time can be observed in many graphical forms. Observing the
trends of accumulative hit graph and amplitude distribution can give quite an amount of
information as to what changes are occurring in the structure being monitored. Some typical
distribution plots that are an outcome of qualitative analysis are shown in Fig 2.9.

Figure 2.9 (a) Cumulative plot of events v/s time

Figure 2.9 (b) Plot of load history along with cumulative hits (Vallen 2002)
The qualitative analysis can only give a general trend of the damage progression being
monitored. Previously, the acoustic emission technique had to be supplemented by other NDT
techniques to get the extent or severity of the observed damage. Usually quantification in AE is
done from waveform analysis, but the research in recent years has brought forward various
quantitative analysis techniques using AE parametric data, that may prove promising to be used
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for field tests. In the following paragraphs a few of these important damage quantification
techniques proposed by various researchers will be discussed.
2.5.2 Intensity Analysis
This is an analysis technique which helps evaluate the overall integrity of the specimen and
structural significance of the recorded AE event being monitored. The parameter considered here
is signal strength, which is a unique parameter that combines both amplitude and duration
components of an AE signal. This analysis is a statistical approach to quantification of damage.
The procedure followed in a typical intensity analysis is as follows:
¾ Two indices known as the Historic index, defined as a measure of change in signal strength
through the loading phase of the test and Severity, defined as average signal strength among the
largest numerical values of the signal, are calculated from the signal strength parametric data
collected during acquisition; using the formulas shown in equations 1 and 2 provided by Blessing
et al. (1992) as:

⎛ N
⎜ ∑ S oi
N
⋅ ⎜ i =NK +1
H (I) =
N−K ⎜
⎜ ∑ S oi
⎝ i =1
Sr =

⎞
⎟
⎟ ………………………. (1)
⎟
⎟
⎠

1 ⎛ J
⎞
⋅ ⎜ ∑ S om ⎟ ………………………………….(2)
J ⎝ m =1
⎠

where H (I) – Historic index;
N – number of hits up to time t;
Soi – signal strength of the ith event;
K – empirically derived constant based on material;
Sr – Severity
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J – empirically derived constant based on material;
Som – signal strength of the mth hit, where order of m is based on signal strength
magnitude.
For concrete,
K values are related to N by the relations: N < 50, K = 0; 51< N < 200, K = N – 30; 201 < N <
500, K = 0.85 N; N > 501, K = N-75 and J values for N < 50, J = 0; N > 50, J = 50. ( Chotickai
2001, Golaski et al. 2002)
For metals,
K values are related to N by the relations: N < 15, K = 0; 16< N <75, K = N – 15; 76 < N < 1000,
K = 0.8 N; N > 1000, K = N-200 and J values for N < 10, J = 0; N > 10, J = 10. ( Chotickai
2001)
¾ Then, on a per channel basis, each of these indices are evaluated over time, and the
maximum value of each index is plotted on an intensity chart which is typically divided into the
zones of damage shown in Fig 2.10(Chotickai 2001).

Figure 2.10 Typical intensity chart for FRP material (CARP)
The other methods put forth for quantifying damage in reinforced concrete beams are the
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NDIS criterion for damage classification proposed by Ohtsu et al. in 2002 and the b-value and
relaxation ratio analysis (Colombo et al. 2003,2005).
2.6 Applications of Quantitative AE Analysis for RC Beam Specimens
Typical AE sources in concrete may include cracking, plastic deformations, friction due
to aggregate interlock, and debonding of aggregate and mortar (McCabe et al. 1976). One of the
first successful attempts to quantify AE form RC beams was carried out by Yuyama et al.(1999).
They introduced the Concrete beam integrity (CBI) ratio or Felicity ratio that was the result of
experiments carried out on several kinds of RC beam and frame specimens subjected to cyclic
loading. The researchers concluded that a decreasing trend in CBI values is expected of a
damaged specimen and can thus estimate the severity of damage. Table 2.1 summarizes their
conclusions.
Table 2.1 Evaluation criterion for RC beams proposed by Yuyama et al.(1999)

A criterion of quantitative analyses of AE signals was reported by Ohtsu et al. (2002)
which was based on the Kaiser effect. Two new AE parameters were introduced by them,
namely – Calm ratio and Load ratio. Laboratory experiments were carried out on five RC beams
with step loading to assess AE response for bending mode of failure. Crack-mouth opening
displacement (CMOD) values were also measured. The limits of the final classification chart
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were fixed based on the CMOD values. They concluded that damages of concrete structures can
be quantitatively assessed by simply applying cyclic loading and monitoring AE activity.

Heavy
Damage

Intermediate
Damage

Calm
Ratio
Intermediate
Damage

Minor
Damage

Load Ratio
Figure 2.11 Damage classification chart (Ohtsu 2002)
Another proposal was the b-value analysis; by researchers Colombo et al. (2003). The bvalue is defined as the log-linear slope of the frequency-magnitude distribution of acoustic
emissions. They conducted an exhaustive analysis on data collected from a single RC beam test
conducted in the laboratory. The results showed a like trend with the development of the fracture
process of the concrete. The minimum b-value trend suggested presence of macro-cracks, whilst
the maximum b-value trend implied micro-crack growth. They proposed the applicability of this
quantitative method of testing to the remote monitoring of actual bridge structures when done on
a continuous basis.
Yet another parametric ratio was put forward by Colombo et al. in 2005. They proposed
an AE energy based ratio, the relaxation ratio which compared AE energy from loading and
unloading phases. Experiments were carried out on 16 RC beams in two different laboratories.
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They noticed a correlation between the energy and bending failure load for a few of the tested
RC beams. However, a definite trend was not established by the researchers.
2.7 Application of Quantitative AE Analysis for Bridges
In a review conducted by Rens et al. (1997) it was seen that acoustic emission testing was
the most widely used non-destructive testing technique used for bridges. A statement which
clearly stresses the need to understand, implement, and improve the technique for wide spread
applicability. Typically AE information is used only at a qualitative level, which needs to be
quantified using other NDT methods. With the available AE signal quantification techniques,
this drawback of the technique can be overcome. In concrete we notice that cracking and slip
between concrete and steel reinforcement are the primary sources of acoustic emissions. AE
detects crack growth in fracture critical tensile bridge members and monitors crack activity.
Placing the data acquisition equipment near or under the bridge is feasible, allowing data
collection from structures which often experience loading close to their maximum level with
every passing load. A review of the kinds of analysis already applied to real bridge structures
will be made in this section.
Utilizing the intensity analysis approach of damage quantification, Golaski et al. (2002)
reported their results from testing a new prestressed concrete bridge. Fig 2.12 represents the
intensity chart for the tested bridge, wherein all channels produced collected signals that fall in
the safe zone A. They had used the intensity charts that were developed for composite materials
by CARP (Committee on Acoustic Emission from Reinforced Plastics) and concluded from
laboratory and field tests that the chart would suffice for concrete as well.

19

Figure 2.12 Intensity chart for tested bridge
Currently, since numerous bridges are made of reinforced or prestressed concrete, there is
a need to quantify AE from these materials exclusively. From the previous literature it is clear
that intensity curves representative of reinforced concrete members are not yet available. Thus,
in this thesis probable intensity zones for tracking actual damage progression in reinforced
concrete specimens will be proposed.
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CHAPTER 3 - ACOUSTIC EMISSION (AE) MONITORING OF RC BEAM
TESTS
Four reinforced concrete beam specimens were tested in the laboratory to assess and
quantify damage under varied loading conditions. The objective is to trace the damage growth
using intensity charts and thus arriving at tentative zones of damage in an intensity chart typical
of reinforced concrete members. Development of such standard curves require experimentation
with numerous samples, but since this work involves just a few specimens only a trend will be
suggested rather than a standard definite curve.
The results obtained in the lab experiments are compared (Chapter 5) to a few field tests
that were conducted during the course of this research.
3.1 Beam Specimen Details
Four reinforced concrete beams were used for testing in this experiment. The beams are
sequentially designated as B1, B2, B3 and B4. Each beam was 5 inches wide, 7 inches deep and
96 inches long. The placement of reinforcements and dimension details are shown in Fig 3.1.

Figure 3.1 Beam dimension details along with sensor placement
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Along with the rectangular beams, a few cylindrical specimens as per standard practice
(ASTM C39) were also cast to arrive at the compressive strengths of the concrete that was used
in each batch of concrete mix used. The formwork, along with the reinforcement cage was built
in the lab facility within the University. Mixing, casting and curing of the samples were done at a
facility in the Louisiana Transport and Research Center (LTRC). All beams were used for testing
well after 28 days of fabrication and thus the concrete in the beams had gained quite a lot of
strength during this period. Compressive tests were conducted on the cylindrical specimens just
before the actual testing of the beam and this revealed the compressive strength to have reached
8000psi. Thus, the loading schedules were planned according to the ultimate load calculated
from this compressive strength value. Through hand calculations the ultimate load capacity of
the beam was evaluated as 8.1kips. Only flexural loads were applied on all tested specimens
through four-point bending test.
3.2 Experimental Setup
While testing, each of the beam specimens were placed atop neoprene pads on steel
supports to reduce background noise from support ends. The load actuator was used to load the
girder. A steel I-beam was placed beneath the actuator to transfer the load as two point loads as
seen in Fig. 3.2. Neoprene pads of 1/8th” thickness were also placed beneath the steel spreader
beam parts that came in contact with the specimen surface to reduce background noise emanated
during the loading process.
The experiments were conducted with two sets of equipments; the data acquisition
system with the acoustic sensors for the acoustic emission monitoring and the loading
equipment. Various other sensors like external strain gages, reinforcement strain gages LVDTs,
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etc. was also attached to beam B1 for testing. In this study the data collected from these gauges
are only used to compliment the results obtained from AE data; where necessary.

Figure 3.2 Experimental beam setup
The loading was controlled using a MTS Flex system, through an actuator supported on a
load frame in the laboratory, with a capacity of 110 kips in compression force. Load control was
used for all the beam tests. Since the MTS system did not allow recording of load profile, it was
documented manually.
The AE system used for acquisition is from Physical Acoustics Corporation (PAC). The
workstation, DiSP-16 can hold up to 16 channels of which four are functional (shown in Fig 3.3).
Acquisition of acoustic emission signals and their digital processing is enabled with the
implementation of the PCI/DSP cards in the DiSP workstation.
All four sensors (PAC R6I) used for these tests were resonant frequency sensors (Fig
3.4). They have integral 40dB pre-amplifiers and Auto sensor testing (AST) capabilities. The
AST capacity of these sensors enables them to pulse as well as receive signals; a quality that
helps during testing to ensure sensitivity of the sensor throughout the test.
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Figure 3.3 DiSP-16 Acquisition workstation

Figure 3.4 R6I-AST sensor (www.pacndt.com)
The real-time monitoring of AE data is enabled by the AEWin software provided by
PAC. Since flexure tests were carried out on all beams the region of major crack growth was
expected to be in the middle 1/3rd section of the beam. Thus, the sensors were placed in a linear
arrangement on the bottom surface of the beam covering the expected flexural failure region
sufficiently for all beams except, B1. The specimen surface was cleaned and smoothened to
ensure perfect contact with the surface area of the sensor. All sensors were then attached to the
specimen using hot melt glue and further secured with tape. A typical arrangement of the sensors
on the specimen in the lab is represented in Fig 3.1.
Prior to conducting any actual AE monitoring it is essential to check the sensitivity and
coupling properties of the sensor to the specimen. For this, a pencil lead break (PLB) test similar
to that recommended by ASTM E 2075 was carried out before and after each test. The procedure
basically consists of breaking 0.3-0.5 mm pencil leads of 2.5mm length at a 30 degree orientation
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to the surface and the amplitudes recorded at a given sensor are measured at different time
intervals to ensure that the sensitivity at the sensor does not vary by more than 3dB.
3.3 Loading Profile
All specimens were cyclically loaded to generate only flexural cracks in the beam
specimen. In the first two tests, on beam B1 and B2 quasi-static loads were applied in a stepped
cyclic manner. While on beams B3 and B4 quasi-static load holds were intermitted with ramp
loading cycles at a rate of 0.8Hz. Each loading cycle comprised of a loading and an unloading
phase.
In the first test on beam B1, very low level loads were applied. Starting at about 5% (0.5
kips) of the ultimate load up to about 55% (4.8 kips) of the ultimate load capacity of the beam, as
shown in Fig 3.5. AE data recording was stopped at the loading part of the last loading cycle.
The first three cycles were carried out on the first day of testing and the rest of the cycles were
conducted on the next day. The observations noted from the AE data collected on the first day of
test, lead us to understand that the complete unloading after each cycle is not advisable as this
causes unwanted movement of the beam and thus insignificant acoustic emissions to be
generated (Chotickai 2001). Hence, to avoid the generation of such false AE a minimum static
load of 0.5 kips was maintained in every cycle there after.
The second beam (B2) was also subjected to a similar load profile, except this time
higher percentages of the ultimate load capacity were applied. The schedule followed is
represented in Fig 3.6. While adjusting the loading equipment settings, a crack was accidentally
initiated in the beam as seen in Fig 3.7, and then the load profile shown above was executed on
the same specimen. The specimen failed at about 7.2 kips.
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Figure 3.5 Loading schedule followed for beam B1
Load profile for beam B2
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Figure 3.6 Loading schedule followed for beam B2

Figure 3.7 Initially cracked specimen B2
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The next two beams B3 and B4 were subjected to a slightly different load pattern. An
initial static load of about 2.5 kips (30% ultimate load) was applied, held for about 2 minutes and
then unloaded to 0.5 kips. This load cycle was followed by a cyclic ramp loading set at a
frequency of 0.8 Hz ranging from 4 (50% of ultimate load) to 0.5 kips for about 100 cycles. The
next cycle consisted of a static overload of 4.5 kips (55% of ultimate load) and held for 2
minutes. This trend was followed for the consecutive cycles with cyclic loadings at 68% and
76.5% of the ultimate load and the static load hold at 70% of the ultimate load. Fig 3.8 represents
the load schedule followed for testing beams B3 and B4.

Load profile for beams B3 and B4
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Figure 3.8 Loading schedule for beams B3 and B4 (not to scale)
A cyclic load of 100 cycles was applied for each case while testing B4 but in B3 except
for the first cyclic phase of 100 cycles the other two cyclic phase loadings comprised of only 50
cycles. The loading profile was designed to enable observation of both the Kaiser and Felicity
effects in reinforced concrete specimens. Although beams B1 and B2 were tested to failure, AE
observations were made only up to 55% and 80% of the ultimate loads respectively. Both beams
B3 and B4 were not failed and AE monitoring was conducted through out the entire loading
process.
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3.4 Instrument Setup
To conduct a successful AE monitoring procedure, using the DiSP-16 data acquisition
system certain parameters need to be set, based on material being tested and the background
noise level. Since in this study reinforced concrete specimens were used, the following
instrument settings shown in Table 3.1 were made to ensure adequate damage related acoustic
signal capture. Acquisition threshold is a part of standard hardware setup which sets the
detection threshold for the acquisition system, enabling reduction of background noise in the
recorded data. HDT, PDT and HLT are all timing parameters of the signal acquisition process
and have material specific values. HDT sets the extent of a signal to be accounted as one hit,
PDT ensures the exact identification of signal peak and a proper HLT setting enables discarding
of spurious signal decay measurements.
Table 3.1 Instrument settings
Parameter
Set value
Acquisition threshold

40 dB

Hit definition time (HDT)

400 µs

Peak definition time (PDT)

200 µs

Hit Lock out time (HLT)

200 µs

*HDT : Hit Definition Time
*PDT : Peak Definition Time
*HLT : Hit Lockout Time

3.5 Analysis Technique Adopted
In this thesis, the damage progression trends of the four reinforced concrete beams tested
under quasi-static and cyclic loading conditions are evaluated using the intensity analysis
technique of damage quantification. The intensity analysis technique involves the use of two
values known as Historic index and Severity. They are derived from the signal strength data
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recorded during a test using the formulas given in equations 1 and 2 (Blessing et al. 1992). The
details of the procedure of the technique have already been described in Chapter 2.

⎛ N
⎜ ∑ S oi
N
⋅ ⎜ i =NK +1
H (I) =
N−K ⎜
⎜ ∑ S oi
⎝ i =1
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⎞
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⎟
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1 ⎛ J
⎞
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⎠

where H (I) – Historic index;
N – number of hits up to time t;
Soi – signal strength of the ith event;
K – empirically derived constant based on material;
Sr – Severity
J – empirically derived constant based on material;
Som – signal strength of the mth hit, where order of m is based on signal strength
magnitude.
In this thesis the K values used for the reinforced concrete specimens are,
N < 50, K = 0; 51< N < 200, K = N – 30; 201 < N < 500, K = 0.85 N; N > 501, K = N-75 and J
values for N < 50, J = 0; N > 50, J = 50 ( Chotickai 2001, Golaski et al.2002).
The historic index is an analytical quantity that traces the change of slope of the
cumulative signal strength parameter measured during a test. A knee in the cumulative signal
strength vs. time graph is usually representative of new damage progression. This can be easily
identified by determining the historic index as the value will peak at every AE knee and
generally tend to show a decreasing value trend until the next AE knee. While determining the
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historic index it is important to be aware that the technique will not suit the assessment of few
hits as it may fluctuate considerably when dealing with a small data set. The other value required
for intensity charts is, Severity. This value is obtained by averaging the strongest signal strength
values and helps to normalize the AE data collected making it independent of the location of the
AE source. Severity value in intensity charts is usually expressed in Volt-sec*105. The values we
obtain directly from the data acquisition system are in 3.05 Pico volt-sec units for each count of
signal strength. Thus all severity values deduced in this thesis for intensity analysis are
appropriately converted to Volt-sec units. When assessed over successive cycles of loading
severity can only increase or remain steady based on the amount of damage that has taken place
within the specimen. To arrive at the intensity on a per channel basis the maximum values of
historic index and severity are plotted on a log chart. For the calculation of intensity the AE data
recorded only during loading is considered. In this study the attempt is to trace the damage
progression in reinforced concrete specimens under different loading conditions and develop
zones of damage in the intensity chart.
3.6 Results of the Flexure Tests on Reinforced Concrete (RC) Beams
The signal strength values recorded during the loading phase is extracted for each beam
and analyzed on a per channel basis. Each data set evaluated for maximum historic index and
severity values for each cycle of loading was carried out and processed using MATLAB.
Intensity charts were plotted in EXCEL. The general damage intensity trends observed in each
beam is compared to visual observations made after each cycle of loading. The results are
verified using other analytical methods detailed in Chapter 4.
3.6.1 Flexure Test of Beam B1
The AE data collected from the test was categorized into cycles corresponding to each
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cycle of loading (Table 3.2). The historic index and severity values corresponding to each cycle
on a per channel basis is summarized in Table 3.3.

Table 3.2 Cycle number designation
% of ultimate Load (kips)
Cycle #
load
0.5
9
1
10
0.8
2
1
12
3
14
1.2
4
1.5
18
5
1.8
22
6
55
4.8
7

A preliminary assessment can be made from the amplitude distribution of the events
recorded. On the first day of testing since the loads were loaded and completely unloaded a few
high amplitude signals with low energy were detected. Since no actual damage occurred these
may have originated from the excessive movement of the specimen and load arm during the
process. In the next day load cycles up to about 18% of the ultimate load did not produce any
high amplitude events but at higher loads more high amplitude signals were detected and the
cracks were visible. To quantify this observation the intensity chart (Fig 3.9) was plotted with the
values given in Table 3.3.
The general trend expected in intensity charts is for structurally significant higher
intensity points to be plotted toward the top right hand corner of the chart and less intense points
at the lower left side (Gostautas et al. 2005); this trend is clearly visible here in Fig 3.9. Only for
the testing of beam B1, all four sensors were placed on the top surface of the beam. While testing
beam B1, we noticed that the first and fourth sensors located at the outer edges of the beam were
the most active channels. One possible explanation for this occurrence could be reasoned by the
highly attenuating property of a heterogonous material like concrete and the presence of flexural
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cracks which further increase attenuation thus reducing the effective recording by the sensors 2
and 3 placed quite a distance away from the source. Another plausible reason for the higher
activity at these two channels 1 and 4 may be from the noise originating from the load actuator
movement on the steel beam distributing the load on to the concrete surface which must have
been picked up due to the sensor’s proximity to the loading apparatus.
Table 3.3 Summary of results for beam B1
Beam1
H(I)
Sr
Cyc2
Ch1
Ch2
Ch3
Ch4
Cyc3
Ch1
Ch2
Ch3
Ch4
Cyc4
Ch1
Ch2
Ch3
Ch4
Cyc5
Ch1
Ch2
Ch3
Ch4
Cyc6
Ch1
Ch2
Ch3
Ch4
Cyc7
Ch1
Ch2
Ch3
Ch4

3.7675 6.458009
2.6617 5.65287
2.7323 5.161271
2.111 2.632089
6.8462 12.02219
8.0455 15.86604
3.4256 9.06826
2.2503 5.221356
6.8462
8.0455
3.4256
2.2503

14.04708
17.32583
10.05768
5.857708

6.8462 14.70283
8.0455 18.15177
3.4256 10.1748
2.2503 5.929749
6.8462
8.0455
3.4256
2.7681

17.62778
20.96143
12.23721
8.349802

6.8462
8.0455
3.7297
11.7128

36.62135
27.51405
17.34413
35.82591
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Intensity chart for B1
100

Sr

Cyc2

10

Cyc3
Cyc4
Cyc5
Cyc6
Cyc7

1
1

10
H(I)

100

Figure 3.9 Intensity chart for beam B1 (all channels)
Since historic index is a good indicator of onset of significant damage, in Fig 3.10 where
the historic index is represented in the left vertical axis and cumulative signal strength (CSS) on
the right vertical axis; the value becomes a maximum in the 7th load cycle phase. Comparing the
severity values from Table 3.3 for the same interval a similar trend is observed, implying
significant damage has occurred in the specimen at this load level.

Figure 3.10 Historic index history of channel #4 for B1
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During the test, it was possible to visually track the crack initiation and growth after each
cycle of loading. Only the period during the third cycle of loading caused initiation of hairline
cracks and this is well represented in the intensity chart and historic index profile. Subsequent
load cycles did not show any dramatic increase of crack growth and only when the load reached
about the 50% of ultimate load capacity were there any significant cracks observed in the middle
thirds section of the beam being tested. This trend is clearly reflected in the intensity chart as
well.
3.6.2 Flexure Test of Beam B2
The loading schedule followed for this beam specimen was similar to B1, the difference
being that load intensities applied were higher and the sensors were placed at the tension side of
the beam. The loads associated with each cycle are shown in Table 3.4. This beam had been
accidentally cracked (Fig 3.5) before the actual load profile could be implemented. The historic
index and severity values obtained for this specimen are summarized in Table 3.5.
Table 3.4 Cycle number designation
Cycle # % of ultimate load Load (kips)
50
4
1
60
4.8
2
70
5.7
3
80
6.2
4
Since this beam had already been damaged, it is clear from the amplitude distribution
chart shown in Fig 3.11 significant amount of emissions are recorded during unloading phase as
well. The beam failed at about 7.2kips (90% of ultimate load). High amplitude signals were
recorded during this test, but they had very low energy. This situation is also revealed in the
intensity chart.
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Table 3.5 Summary of results for beam B2
Beam2
H(I)
Sr
Cyc1
1
0.071785
Ch1
1.566 0.533665
Ch2
1.3477 0.128701
Ch3
1.5785 0.820432
Ch4
Cyc2
1.566 0.533665
Ch1
2.0926 0.533116
Ch2
1.9246 0.286029
Ch3
1.9695 1.102831
Ch4
Cyc3
1.7082 0.536629
Ch1
2.227 0.672519
Ch2
1.9246 0.292336
Ch3
1.9695 1.418616
Ch4
Cyc4
1.7082 0.820432
Ch1
2.227 0.783332
Ch2
1.9246 0.331864
Ch3
1.9695 1.736548
Ch4

Figure 3.11 Amplitude (dB) v/s time (seconds)
On plotting the intensity chart from the values shown in Table 3.5 the following trend as
shown in Fig 3.12 is seen. One of the first observations one can make is the low severity values
seen in Fig 3.12, for all points plotted. Since the specimen was pre-cracked the presence of open
cracks must have influenced the wave propagation to the sensor, resulting in recording of low
signal strengths. Yet, the general trend expected of higher intensity points plotting towards the
upper right corner of the chart is still visible.
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Intensity chart for B2
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Figure 3.12 Intensity chart for B2
The progression of cracks at the end of each cycle was noted. The cracks did not
extend much up to the third cycle, but immediately after that crack growth was clearly visible
and while trying to load above 80% of the ultimate load capacity the beam suddenly failed at 7.2
kips (Fig 3.13). Very high amplitude signals were noticed as the beam approached failure.

Figure 3.13 Damaged beam B2
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Figure 3.14 Historic index profile for B2
The historic index profile seen in Fig 3.14 is also indicative of the sudden increase in
historic index value during the 10 -14th minute of loading, which correspond to the loading
phase of the 3rd cycle.
Overall, the intensity chart trends does seem to reflect the actual damage progression in
the beam, although the weak signal strengths do hamper the quantitative result expected for such
a damaged beam.
3.6.3 Flexure Test of Beam B3
The loading schedule followed for the beams B3 and B4 are as shown in Fig 3.8. The
objective of using such a load profile was to see how closely the damage progression that
happens during cyclic loads can be tracked by intensity values. Again, the cycle numbers in the
chart correspond to the load levels applied (Table 3.6). The intensity values evaluated from this
specimen is summarized in Table 3.7. During the testing channel 1 did not work properly, thus
the data from this channel is not considered in this analysis.
In Fig 3.15 high amplitude signals are noted in intervals of 0-500s, 1400- 1600s and
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2400-3040s.These intervals correspond to static load holds and the AE activities seen in between
these intervals are from the cyclic loads applied on the beam specimen. Hence, one can observe
that higher amplitude signals are collected at static load hold phases of loading than at the cyclic
loading phases. Higher loads correspond to more recording of AE data along with stronger signal
values. A similar trend is observed in the intensity charts as well.
Table 3.6 Cycle number designation
Cycle # % of ultimate load Load (kips)
30
2.4
1
50
4 (100 cycles)
2
55
4.5
3
68
5 (50 cycles)
4
70
5.8
5
70
5.8
6
76.5
6.2 (50 cycles)
7
The intensity charts for the quasi-static load holds (Fig 3.16) is separated from those of
the cyclic loads (Fig 3.17) to provide a better distinction between the plotted points. From Figs
3.16 and 3.17 we may observe that the typical trend of higher intensity points lying to the upper
right corner of the chart is clear. Yet, a number of points from cycle 3 onwards seem to overlap
as the maximum values of historic index and severity do not rise anymore after this third cycle.
This is clear from the cumulative signal strength and historic index profile in Fig 3.18 as well.
This observed trend may be attributed to the fact that at this load cycle crack initiation
process had begun and the further load cycles did not tend to extend the existing cracks much.
This was also observed when the beam was inspected visually. Although numerous cracks had
begun to form at the mid-section of the beam the successive cycles of loads did not seem to
create any significant damage to the specimen (Fig 3.19).
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Table 3.7 Summary of results for beam B3
Beam 3
H(I)
Sr
Cyc2
1.5564 23.22758
Ch2
1.942 8.813707
Ch3
1.7159 30.15108
Ch4
Cyc3
3.1793 23.96507
Ch2
2.9697
9.943
Ch3
10.9786 41.51843
Ch4
Cyc4
3.1793 23.96507
Ch2
2.9697
9.943
Ch3
10.9786 41.51843
Ch4
Cyc5
3.1793 24.25482
Ch2
2.9697 9.96313
Ch3
10.9786 42.28642
Ch4
Cyc6
3.1793 24.28044
Ch2
2.9697 9.97472
Ch3
10.9786 42.47735
Ch4
Cyc7
3.1793 24.28044
Ch2
2.9697 9.97472
Ch3
10.9786 42.47735
Ch4

Figure 3.15 Amplitude (dB) v/s time (seconds)
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Intensity chart for B3
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Figure 3.16 Intensity chart of static load holds for B3
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Figure 3.17 Intensity chart of cyclic loads for B3

Figure 3.18 Historic index profile for B3
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Figure 3.19 Beam B3 after the seventh load cycle
3.6.4 Flexure Test of Beam B4
Testing and analysis on this beam was conducted in the same manner as in B3. The main
difference lies in the number of cyclic loads applied and also additional static load cycles after
the sixth cycle which was carried out for verification of a particular observation. Details of the
cycle numbers and corresponding load levels are given in Table 3.8. The results of the intensity
analysis are summarized in Table 3.9.

Table 3.8 Cycle number designation
Cycle # % of ultimate load
Load (kips)
30
2.4
1
50
4 (100 cycles)
2
55
4.5
3
68
5 (100 cycles)
4
70
5.8
5
76.5
6.2
(100
cycles)
6
6.3
7
77
77
6.3 (100 cycles)
8
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Table 3.9 Summary of results for beam B4
Beam4
H(I)
Sr
Cyc2
2.9595 0.603266
Ch2
2.2066 0.671427
Ch3
2.4324 0.787858
Ch4
Cyc3
2.9595 2.924401
Ch2
2.7285
2.623
Ch3
5.724 2.924401
Ch4
Cyc4
2.9595 2.924401
Ch2
2.7285 2.653012
Ch3
5.724 9.728463
Ch4
Cyc5
3.4202 3.84361
Ch2
2.7285 3.314435
Ch3
5.724 11.46861
Ch4
Cyc6
3.4202 3.84361
Ch2
2.7285 3.314435
Ch3
5.724 11.61684
Ch4
Cyc7
3.4202 4.482829
Ch2
2.7285 4.077789
Ch3
5.724 11.79557
Ch4
Cyc8
3.4202 5.31005
Ch2
2.1658 4.095906
Ch3
5.724 12.83745
Ch4

Figure 3.20 Amplitude (dB) v/s Time (seconds)
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High amplitude signals are noted in the 0-300s, 800-1100s and 1400-1600s time intervals
in Fig 3.20. Just like the observation made in the previous beam here too these time intervals
correspond to the static load cycles. Again, the intensity chart trend is also very similar to that
observed in B3 and is clear from Figs 3.21 and 3.22. However, the intensity values for both
beams do not coincide exactly at similar load levels.
Intensity chart for B4
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Figure 3.21 Intensity chart for quasi-static load of B4
Intensity chart for B4
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Figure 3.22 Intensity chart for cyclic loads of B4
On observing the intensity charts as well as the cumulative signal strength and historic
index profile (Fig 3.23) for B4 an onset of emissions corresponding to significant damage can be
again identified at cycle 3 of the loading schedule. Just like before, visual observations also
revealed only the presence of minor cracks in the mid-section of the beam and no significant
damage could be sighted during successive load cycles.
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Figure 3.23 Historic index profile at the sixth cycle of beam B4
While processing the data for the above analyses it is to be noted that for all beams the
signal strength data from the first cycle has not been cumulated with the other cycle values as
they show exceptionally high values overshadowing the overall results. This may have been
caused by extraneous AE sources while testing indicating false damage intensity at the lowest
load level. To verify that this irregularity occurs only in a newly tested beam, the fourth beam
was subjected a few higher static and cyclic loads a day after the testing on the beam was
completed. These extra load cycles are represented as cycles 7 and 8 in Table 3.8. The results are
plotted in Fig. 3.21 as values corresponding to load cycles 7 and 8. The previously observed
anomaly does not recur. This proves that the intensity analysis is well suited for testing seasoned
beams at bridge sites which have undergone several cycles of loading.
Another important observation made from intensity charts of B3 and B4 is the
overlapping or very close plotting cyclic load intensity values over the previous static load even
when the loads are higher in the cyclic loads. This occurrence may mislead one to believe that no
new damage had occurred in the beam during the repetitive cyclic loads. To verify this issue, B4
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was retested at two load levels with a different load profile as shown in Fig 3.24.

Figure 3.24 Load schedule for verification
The above load profile was followed for 20% of the ultimate load and 60% of the
ultimate load capacity of the beam. The intensity analysis done on the AE data collected during
these tests are shown in Figs 3.25 and 3.26.
In the first cycle of loading (at 20% of ultimate load) the AE data collected did not even
produce sufficient number of data points to be evaluated using the intensity analysis technique.
The second cycle of loading comprised of 100 cycles of the same load, followed by a second
static load cycle of the same quantity. The analysis was carried out for the successive cycles of
loading but the intensity values seem to clearly indicate no significant new damage was induced
during cyclic loading phase or the repeated static load phase at this low level of load. This trend
is shown in Fig 3.25, where all intensity points from a single channel seem to overlap.
Whereas, for the 60% ultimate load case undergoing the same load routine, we notice that
the load after cyclic loading creates a new intensity value away from the prior obtained values
(Fig 3.26). The shift of the new intensity value towards the left corner of the chart is probably
because during the cyclic loads the cracks remained open and generated less number of signals
for the sensors to record. Thus, it may be said that the intensity analysis may not be able to assess

45

effects due to small number of cyclic loads on reinforced concrete specimens if significant
damage has not occurred during the loading process. A similar observation was reported by
Chotickai (2001) in his studies that monitored acoustic activity on cyclically loaded prestressed
concrete girder specimens.

Intensity chart for B4
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cyc1- 20%UL
cyc2- 20% cyclic
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Figure 3.25 Intensity chart for 20% UL of B4

Intensity chart for B4
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60 % UL
cyclic 60% UL
second 60 % UL

1
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Figure 3.26 Intensity chart for 60% UL of B4
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3.6.5 Tentative Intensity Chart
Based on the results obtained from the intensity analysis done on the experimentally
tested beams B3 and B4 (both had similar loading profile) a trend for the intensity is proposed
here. Theoretical calculations indicate that the beams should begin to show hairline cracks at the
tensile portion of the beam at about 12% of the ultimate load. In the actual case while conducting
the experiments, the cracks did become visible at about 12% of the UL. At about 50% to 70% of
the ultimate load the amplitude and intensity values seem to imply that although flexural cracks
are present and progressing they provide enough warning to judge the severity of damage in the
beam. Once loads go above this limit this definitely indicates a serious damage to the beam and
requires immediate remedial measure to be taken to prevent failure. The zones A, B and C shown
in Fig 3.27 are proposed based on the observations briefed above. This chart is valid only for
evaluating reinforced concrete specimens of the same dimension and subjected to similar load
conditions. Thus no generalizations should be made. More definite results may be obtained by
carrying out experiments on a lot more reinforced concrete specimens.

Figure 3.27 Tentative intensity chart zones proposed based on beams B3 and B4
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3.7 Summary of Experimental Test Results
The results obtained from the intensity analysis done on the four tested beams may be
summarized as:
1. The different positioning of sensors while testing beam B1 may have caused the results of
this beam to be not comparable to the results obtained from analyzing the other three beams. Yet,
the expected gradual progression of damage intensity values moving from the left corner of the
chart to the right end was still traceable for this specimen in the intensity chart.
2. The intensity chart trends observed for B2 was distinct because of the pre-condition of the
beam subjected to static loads. Yet, the general trend of higher loads causing more damage and
in turn resulting in higher intensity points plotting on the right end of the chart was observed.
3. The intensity results from beams B3 and B4 which underwent similar load schedules did
seem to correlate well. A characteristic observed in these beams were the steady state of the
intensity values under repeated cyclic loads, which gave higher intensity values only on the
application of the next higher static load. A similar occurrence was reported by Chotickai (2001)
when he tested prestressed concrete beams under fatigue cyclic loads. He observed that the
signal strengths though initially decreased, after numerous load cycles they gradually
strengthened.
4. All intensity chart trends correlate very well with both visual observations made during the
period of the test and amplitude distribution plots.
5. The anomaly of high intensity values in the first cycle of loading occurs only when a new
beam is tested. Thus, the adaptability of intensity analysis for field tests looks promising.
The results discussed here will be further verified using the Felicity ratio and NDIS criterion
of damage assessment in the following chapter.
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CHAPTER 4 - ADDITIONAL VALIDATION ANALYSES
To validate the results obtained by using the intensity analysis technique of damage
assessment, two additional techniques are utilized here to reanalyze the data. The Felicity ratio
analysis using historic index criterion and the NDIS-2421 recommended procedure for damage
assessment of reinforced concrete members are the techniques being used here.
4.1 Felicity Ratio Analysis
The felicity ratio is a term that gives a measure of the severity of a previously induced
damage (Arrington 1987). It is defined as:
Felicity Ratio = Load at which significant emission restarts
Previously applied maximum load
A decreasing Felicity ratio corresponds to a growing damage in the structure being monitored. In
this thesis we use the historic index criteria for identifying onset of significant emissions, as
recommended by Chotickai (2001). This researcher suggests that a historic index value larger
than 1.85 can be considered to represent the onset of significant emissions in concrete. Thus, the
Felicity ratio for each beam tested will be determined from the profile of historic index obtained
from all AE channels active during the entire experimental loading schedule.
The test setup and instrumentation details for all beams B1 –B4 are the same as described
in detail in the previous Chapter 3. The results obtained on reanalyzing the recorded AE data for
each beam is shown in Tables 4.1 – 4.4 and the historic index profiles used to determine the
onset of significant emissions are also shown in Figs 4.1 – 4.4. In the historic index graphs, the
x-axis represents time and the y-axis is represented by historic index H(I) on the left and
cumulative signal strength (CSS) on the right.
A Felicity ratio(FR) less than 0.95 indicates the beginning of a significant structural
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(Chotickai 2001). As discussed earlier, in Chapter 2 the converse of the Felicity effect is known
as the Kaiser effect. Thus, one can conclude that a FR value greater than 1 implies that the Kaiser
effect still holds for the specimen. All beams showed a high historic index value during the first
cycle of loading. But on determining the FR we notice that the values are larger than 1 and thus
does not represent a serious structural damage. A probable reason for this occurrence would be
the initial extraneous AE sources that occur when a beam is tested for the first time. In beam B1,
very small cyclic loads were applied. From Table 4.1 it is clear that the Kaiser effect holds for
the specimen up to 55% of the ultimate load capacity. Beam B2 was already damaged and the
signal strength obtained from these specimens were too weak to assess the intensity of damage.
Using the FR analysis it is seen that the values of FR are well below 0.95 indicating serious
deterioration of the beam. Beams B3 and B4, which were subjected to both quasi-static and
cyclic loads, were loaded to about 76% of their ultimate load values and do not seem to have
undergone any serious damage. From Tables 4.3 and 4.4 we may also note that although the FR
does decrease in value on successive loading, the cyclic loading phases seem to have not resulted
in producing enough significant emissions. This trend was also observed when the data was
analyzed using the intensity analysis technique.
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Table 4.1 Loads used to determine the Felicity ratio for B1
Cycle #

1-2
2-3
3-4
4-5
5-6
6-7

Previous maximum
Load at onset of
Felicity Ratio
load (kips) (% of ultimate load) significant emissions
(kips)
0.5 (9%)
0.8(10%)
1.1(12%)
1.2(14%)
1.5(18%)
4(49.3%)

0.8
1.1
1.2
1.5
1.8
4.8

1.6
1.375
1.09
1.25
1.2
1.2

Table 4.2 Loads used to determine the Felicity ratio for B2
Cycle #

1-2
2-3
3-4

Previous maximum
Load at onset of
Felicity Ratio
load (kips) (% of ultimate load) significant emissions
(kips)
6(75%)
6(75%)
6(75%)

4.8
3
2.467
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0.8
0.5
0.411

Table 4.3 Loads used to determine the Felicity ratio for B3
Cycle #

1(S)-2(C)**
2(C)-3(S)
3(S)-4(C)
4(C)-5(S)
5(S)-6(S)
6(S)-7(C)

Previous maximum
Load at onset of
Felicity Ratio
load (kips) (% of ultimate load) significant emissions
(kips)
2.5(31%)
4(49.3%)
-*
5(68%)
5(68%)
5.8(70%)

4
4.5
-*
5
5.8
5.8

1.6
1.125
-*
1
1.16
1

Table 4.4 Loads used to determine the Felicity ratio for B4
Cycle #

1(S)-2(C)**
2(C)-3(S)
3(S)-4(C)
4(C)-5(S)
5(S)-6(C)

Previous maximum
Load at onset of
Felicity Ratio
load (kips) (% of ultimate load) significant emissions
(kips)
2.5(31%)
4(49.3%)
-*
5(68%)
-*

4
4.5
-*
5.5
-*

*All blank spaces represent cycles in which no significant emissions were noted.
**(S) – static load case, (C) – Cyclic load case
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1.6
1.125
-*
1.1
-*

Figure 4.1 Historic index profile for B1

Figure 4.2 Historic index profile for B2
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Figure 4.3 Historic index profile for B3

Figure 4.4 Historic index profile for B4
4.2 NDIS- 2421 Quantitative Assessment Criterion
The second analysis technique used here is the NDIS criterion put forth by the Japanese
society for nondestructive inspection (JSNDI). The technique recommends the use of two ratios:
Load and calm ratios. Ratio of load at onset of AE activity to previous load constitutes the load
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ratio, whereas calm ratio is the ratio of cumulative AE activity during unloading process to total
AE activity during the last loading cycle. The load ratio is determined just like FR but in this
method only the data from the most active channels is assessed. The ratios obtained are then
plotted into a chart that has been allocated into zones of damage as shown in Fig 4.5 (Ohtsu et al.
2002)

Heavy
Damage

Intermediate
Damage

Calm
Ratio
Intermediate
Damage

Minor
Damage

Load Ratio
Figure 4.5 Damage classification recommended in NDIS 2421
Again, the AE data collected from the previous experiments is reanalyzed to compare the
results already obtained from the intensity analysis. Results obtained from the most active AE
channel of each tested beam is reanalyzed using the NDIS procedure and is summarized in
Tables 4.5 – 4.8 and Figs 4.6 – 4.10.
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Table 4.5 Summary of NDIS analysis for B1 (Channel 4)

Cycle #

1-2
2-3
3-4
4-5
5-6

Load at onset
Previous load
∑ AE hits during Total AE hits Load ratio
of AE in subsequent (kips)[% of ultimate load]
unloading
during last load
loading (kips)
cycle up to max
(1)
(2)
(3)
(4)
(1) / (2)
0.8
0.5 (9%)
127
1928
1.6
1.1
0.8(10%)
140
2382
1.375
1.2
1.1(12%)
14
3229
1.09
1.5
1.2(14%)
9
3576
1.25
1.8
1.5(18%)
35
4044
1.2

Calm
ratio
(3) / (4)
0.065871
0.058774
0.004336
0.002517
0.008655

Table 4.6 Summary of NDIS analysis for B2 (Channel 2)
Cycle #

1-2
2-3
3-4

Calm
ratio

Load at onset
Previous load
∑ AE hits during Total AE hits Load ratio
of AE in subsequent (kips) [% of ultimate load]
unloading
during last load
loading (kips)
cycle up to max
(1)
(2)
(3)
(4)
(1) / (2)
(3) / (4)
4.8
6(75%)
77
111
0.8
0.693694
3
6(75%)
690
511
0.5
1.350294
2641
685
3.855474
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Table 4.7 Summary of NDIS analysis for B3 (Channel 4)
Load at
onset
Cycle #
Previous load
∑ AE hits during Total AE hits Load ratio Calm ratio
of AE in
(kips) [% of ultimate load]
unloading
during last load
subsequent
cycle up to max
loading
(kips)
(1)
(2)
(3)
(4)
(1) / (2)
(3) / (4)
4
2.5(31%)
326
3320
1.6
0.098193
1(S)-2(C)**
4
4(49.3%)
2284
4309
1.125
0.530053
2(C)-3(S)
-*
-*
780
9716
-*
0.08028
3(S)-4(C)
5
5(68%)
4211
12221
1
0.344571
4(C)-5(S)
5.8
5(68%)
1544
20347
1.16
0.075883
5(S)-6(S)
5.8
5.8(70%)
1087
22026
1
0.049351
6(S)-7(C)
Table 4.8 Summary of NDIS analysis for B4 (Channel 3)
Cycle #

Load at
onset
Previous load
∑ AE hits during Total AE hits Load ratio Calm ratio
of AE in
(kips) [% of ultimate load]
unloading
during last load
subsequent
cycle up to max
loading
(kips)
(1)
(2)
(3)
(4)
(1) / (2)
(3) / (4)

1(S)4
2(C)**
4.5
2(C)-3(S)
-*
-*
3(S)-4(C)
5.5
4(C)-5(S)
-*
-*
5(S)-6(C)
**(S) – static load case, (C) – Cyclic load case

2.5(31%)
4(49.3%)

416
1228
669
1134
890

5(68%)
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4651
5706
8749
10143
12637

1.6
1.125
-*
1.1
-*

0.089443
0.215212
0.076466
0.111801
0.070428

NDIS chart for B1
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Figure 4.6 NDIS classification of AE data for B1 (Channel 4)
NDIS chart for B2
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Figure 4.7 NDIS classification of AE data for B2 (Channel 2)
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NDIS chart for B3
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Figure 4.8 NDIS classification of AE data for B3 (Channel 4)

NDIS chart for B4
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Figure 4.9 NDIS classification of AE data for B4 (Channel 3)

For dividing these charts into zones of damage the crack mouth opening displacement
(CMOD) value is required. Since this information is not available for the tests conducted, the
limits of the chart are adopted from those used by researchers Ohtsu et al.(2002) while testing
reinforced concrete beam specimens. Thus a value of 0.9 on the x-axis and 0.05 in the y-axis are
the limit values. The data is processed cumulatively for successive cycles of loading. From Fig
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4.6 we see that although cycles 1 and 2 were loaded to only about 9-10% of the ultimate load
capacity of the beam the plotted point lies in the intermediate damage region. This is contrary to
what is expected and observed visually. The one reason that may have led to this peculiarity may
be the different technique of loading and reloading adopted at this phase of testing B1. Since the
specimen was completely unloaded after both cycles there might have been unnecessary
movement of the loading actuator, steel beam and the specimen itself, that might have generated
extraneous AE data. All other points in this chart lie in the minor damage region which seems to
tally with the visual observations made and from the intensity analysis carried out before. The
AE data acquisition was stopped immediately after the seventh loading cycle. In the intensity
method significant damage was observed at this cycle of loading, this could not be shown here in
this analysis as it requires both a loading and unloading phase for determining the ratios.
The structural condition of the pre-damaged beam specimen B2 is well represented in this
analysis chart. The points get plotted in the heavy damage region which coincides with the
results obtained from the previous intensity analysis as well as visual observations made while
testing the beam.
Damage levels in beams B3 and B4 lie within the intermediate damage zone of the NDIS
chart. Again, only static load induced damage seem to get plotted in the chart. There seems to be
no significant damage in the beams caused due to the repetitive cyclic loads. A similar
observation for both beams is made from both the intensity and Felicity ratio analyses. The
anomaly of the first load cycle plotting in the intermediate damage zone is repeated in these
plots.
Both the Felicity ratio analysis and the NDIS criterion seem to give results that are in
good agreement with the results obtained for the same beams using the intensity analysis
technique of damage assessment. Although, all these techniques are available for damage
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assessment of reinforced concrete members their viability in field situations has still not been
fully studied. The damage intensity technique used for the AE data analysis of the laboratory
beam samples is assessed for practical applications on real structures like bridges. The up
coming chapter discusses this aspect of the research.

61

CHAPTER 5 - ACOUSTIC EMISSION MONITORING OF FIELD
BRIDGES
Acoustic emission monitoring of bridge structures is not a new vista. Yet, even today the
method has not been fully exploited in bridge monitoring as most evaluations are only qualitative
and other NDT methods like ultrasonic have to be used to quantify the results observed from
global acoustic monitoring. Though numerous quantitative methods have been proposed, they
have not yet been developed to be useful for actual field test use. Here an attempt for a practical
application is made, to apply the intensity analysis technique of damage quantification to two
genres of bridges: a prestressed concrete slab-on-girder bridge and a steel bridge with concrete
deck. Although there were limitations with the number and type of sensors used, essentially a lot
of good information was collected and useful inferences were made that can help in developing
guidelines for a quantitative assessment criterion in all future bridge monitoring endeavors.
Usually qualitative results are determined using the conventional AE signal parameters
like hits, amplitude, energy and risetime. But to estimate the intensity of damage a quantitative
approach is required. Various techniques of damage quantification using the conventional AE
signal parameters and applied loads, such as intensity charts, b-value analysis, relaxation ratio
analysis etc. have been proposed (Fowler et al. 1989, Golaski et al. 2002, Ohtsu et al. 2002,
Colombo et al. 2003, 2005 and Gostautas et al. 2005). In this thesis our focus will be on the
practical use of intensity charts to evaluate the health of a bridge by analyzing data collected
from two bridge sites.
The analysis was carried out for a prestressed concrete and a steel bridge under live load
conditions. The prestressed concrete bridge was tested for 3 consecutive days in Feb 2006. Both
static and dynamic live load tests were done using two similar weighing dump trucks. In July
2006, a steel bridge was tested under overload conditions. All four of the acoustic sensors used
62

for these field tests are R6I (55 kHz resonant frequency) along with a DiSP-16 outdoor
acquisition work station, all manufactured by Physical Acoustics Corporation (PAC).
The real-time acoustic data collected from both bridge sites seemed to reflect the
response of the monitored region to the applied load quite fairly. The qualitative results obtained
from the collected data were further supplemented by the quantitative assessment. Although,
standard intensity curves are not currently available for reinforced concrete, the tentative damage
zones in intensity charts proposed earlier in Chapter 3 are used to compare and better understand
the nature and intensity of the damage.
Many of the lab specimens are usually subjected to specific pre-determined load profiles
to obtain extensive information about damage progression. This is not possible in the field as we
come across moving loads which will not regenerate data plots observed in a lab experiment.
Therefore both the qualitative and damage quantification results will be compared for all
significant load cases.
Here, qualitative correlations will be made by comparing amplitudes versus duration,
amplitude distribution, and cumulative hit rates. The damage quantification attempted here will
be done by using the intensity analysis technique. The procedure followed in a typical intensity
analysis has already been detailed in Chapter 3.
5.1 Introduction to AE Bridge Monitoring
Bridge monitoring can be mainly categorized as global and local monitoring. Overall
structural evaluations are assessed by global monitoring and known damaged areas assessed by
local monitoring. (Watson, J.R, 2001). In global monitoring few sensors are used for coverage of
large areas, keeping in mind the maximum allowable spacing between sensors to enable
detection. This is a quick assessment technique especially for very large structures like bridges.
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Whereas, local monitoring is adopted in areas either identified during global monitoring or
structural analysis.
Be it global or local monitoring, numerous researchers have carried out field monitoring
and follow a certain sequence that ensures adequate data collection for further evaluation. To
date, no standards have been set for field monitoring using acoustic emission techniques on
structures like bridges. A summary of the procedural sequence for AE bridge monitoring put
forward by researchers like Lovez et.al.(1997) and Chotickai (2001) is briefed in the following
paragraph.
¾ A preliminary visual inspection should be done to assess the general state of the bridge
and decide on the suitable sensor type and configuration to be used.
¾ Sensitivity check should be carried out on all attached sensors by the pencil lead break
(PLB) discussed before in Chapter 3.
¾ The members to be monitored should be subjected to normal traffic loads and
background noise presence in the AE data collected should be minimized by setting a
proper acquisition threshold.
¾ For short-term local monitoring endeavors a proper loading schedule should be planned
to ensure proper activation of damage in monitored region.
¾ The data acquisition system should be equipped with real-time data analysis display.
¾ In continuous monitoring situations AE data collected, sensor sensitivity and changes in
background noise conditions should be intermittently inspected.
¾ Post-test filters should be employed to ensure data quality.
¾ Interpretation of the AE data should be made using the structural integrity evaluation
criterion proposed and the health of the monitored structure should be reported.
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5.2 Case Study of a Prestressed Concrete Bridge
This typical prestressed concrete slab-on-girder bridge is located over the Cypress Bayou in
District 61, on LA 408 East, Louisiana. It was built in the year 1984, and designed to comprise of
three straight simple spans each of 55 ft length (Fig 5.1). Each span is supported by 7 AASHTO
Type II prestressed concrete girders, with girders spaced 7 ft (center to center) apart. The roadway
has a width of 47 ft and a bridge deck thickness of 8 in. All girders are anchored to the supports at both
ends with anchor bolts on both sides of them. Each span has one intermediate diaphragm (ID) located at
the mid-span; this ID is not connected to the deck.

Figure 5.1 Prestressed concrete bridge details
5.2.1 Loading Schedule and Equipment Setup
The objective of this test was mainly to assess the necessity of intermediate diaphragms
in bridge structures. Although other gauges like strain gauge, accelerometers etc. were an
integral part of the test the results pertaining to the acoustic sensors alone will be discussed here.
Since there were limitations with the choice of sensor and number; the sensor configurations
were planned based on the choice of critical regions predicted previously from a finite-element
model of the bridge. Only the third span of the bridge was instrumented.
The live load tests were carried out with two dump trucks with similar weights. Truck 1
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(T1) weighing 61.1 kips and Truck 2 (T2) weighing 61.3 kips. The trucks used have a single
front axle and a two-axle group for the rear. The static wheel loads for the first, second, and third
axle of T1 are 9 kips, 10.75kips, and 10.75 kips. The truck configuration is shown in Fig 5.2.

Figure 5.2 Test Truck 1 (T1)
The entire test consisted of several load cases thus a systematic labeling system is developed to
be able to identify the details of each load case. The type of live load is assigned with the
abbreviations:
SR – Static rolling, when truck moves over the bridge less than 5mph; SS – Static stopping,
when middle axle of truck is located at the midspan; D30 – Dynamic, the number that follows
indicates the speed of truck (mph). The trucks are assigned as T1 – for truck 1 and T2 – for truck
2. The roadway is designated as L1 – Lane 1; L2 – Lane 2, and Sh – shoulder. As the load cases
were all repeated for verifying the results each repetition is assigned P1 – for pass 1 and P2 – for
pass 2. Thus a load case named SR_T1Sh_P1 will imply that this is the static rolling test case
with truck 1 moving less than 5mph over the shoulder lane on the first passage. This labeling
system is followed through out this chapter to indicate the load case being discussed. A few
illustrations of load cases accompanied by their names and cross-sectional details of the
monitored span, is shown in the following Fig 5.3.
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(a) SR_T1Sh_P1

(b) SS_T1L1_P1

(c) SS_T2L2_P1

(d) SR_T1L1_T2L2_P1
Figure 5.3 Truck position for various load cases
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Figure 5.4 Sensor position for test Day 1
On the first day of testing, the sensors were placed on the intermediate diaphragm around
a critical girder # 6 (Fig 5.4). The intention with this configuration was to detect and/or locate if
there was any damage in the girder-diaphragm connection region. The sensors were split into
two groups of 2 sensors each for the tests on the second and third days. As seen in Fig 5.5
sensors 1 and 2 were placed 2 ft apart around the midspan of the girder #4 and the other two
sensors were placed on opposite faces of a section of intermediate diaphragm close to the same
girder.

Figure 5.5 Sensor locations for Day 2 and Day 3 (Elevation view)
The data acquisition was done with a very convenient outdoor DiSP- workstation unit
placed at a location close to the bridge. The real-time monitoring was enabled by the AEWin
software provided by PAC along with the system. Before acquiring any actual live load test data
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a pencil lead break test was carried out on all four sensors to ensure their sensitivity. Once this
was established the threshold is fixed based on the amount of background noise that needs to get
eliminated from getting acquired. In all of the tests conducted for this bridge the threshold level
was setup at 45dB, ensuring no acoustic activity was recorded when no traffic was on the bridge.
5.2.2 Discussion of Results for Prestressed Concrete Bridge
5.2.2.1 Qualitative results
A part of the data processing is enabled by the AEWin software, enabling one to visualize
real time data and produce customized qualitative results. The parametric correlations that will
be illustrated here are: amplitude versus time, events versus location, and amplitude distribution.
In the following section details pertaining to the load cases of each day that caused the most
acoustic activity are discussed.
Fig 5.6 indicates the amount of activity observed when two trucks were statically placed
on the bridge during day 1 of the test. The lower part of the diaphragm seems to produce more
acoustic activity implying that there may be greater relative movement between the
discontinuous joint of the beam-diaphragm. Since this joint cannot be visually inspected during
the test one cannot confirm the presence of cracks in this region, although the amplitude
information shown further in Fig 5.7, wherein amplitude is represented on the x-axis and
time/hits on the y-axis; indicates most events were of lesser amplitudes. This observation in turn
implies that there is no structural damage at this joint that needs immediate attention.
The two truck static load case produced the greatest amount of acoustic activity on day 2
and the dynamic load case produced higher amplitude events on day 3. Since sensors were
located at different parts of the bridge a comparison can be made between the acoustic activities
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observed at both locations for the same load case. The x-axis represents amplitude and the y-axis
stands for time/number of hits respectively in Figs 5.8 and 5.9.

Figure 5.6 Events v/s location of sensors for Day 1 configuration
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Figure 5.7 Amplitude v/s time and amplitude distribution of channel 2
for load case SS_T1Sh_T2L1_P1
By observing Fig 5.8 it can be clearly seen that the amplitudes are of a much higher
range, which may be indicative of the secondary AE created on the structure due to load effects.
In Fig 5.9 although the dynamic load case produced the highest acoustic activity, it is clear from
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the plot that most of the signal amplitudes are below 60 dB. The activity on both days seems to
indicate a trend of slightly greater activity at the girder–diaphragm connection, which is due to
the presence of discontinuities that may form the source of AE. Under visual observation the
bridge appears to be in a fairly good condition with virtually a crack-free surface. Thus the
presence of higher AE amplitudes in particular load cases may not be attributed to any particular
structural deterioration, but rather the existence of secondary sources of AE like relative
displacement of monitored regions and concrete-reinforcement interactions.
5.2.2.2 Damage quantification
The values of historic index and severity calculated for each channel on all days are
summarized below in Table 5.1.The intensity plots for each day of tests have been shown in
Figs.5.10, 5.11 and 5.12. The numbers inside the plot area of the chart indicate the AE channel
numbers. For the second and third days of testing results from sensors 1 & 4 placed under the
girder are separated from those of sensors 2 & 3 placed across the thickness of the diaphragm
close to the girder-diaphragm joint.
During day 1 test channel 2 is the most active channel, from both qualitative and intensity
chart results. These results may imply that there is an uneven load distribution around the
observed Girder #6 and that there is a presence of micro cracks at the girder-diaphragm interface.
The intensity values have a severity less than 10, indicating the absence of any serious concern
for the structural integrity of the monitored region. In the intensity chart the second static load
case which consisted of two trucks, definitely appears to have induced a higher degree of damage
than the previous load case as we observe from Fig 5.10 where the higher load case caused the
intensity plot to move towards the upper right corner of the chart.
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Figure 5.8 Amplitude v/s time and amplitude distribution for each group of channels for
load case SR_T1L1_T2L1_P1
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Figure 5.9 Amplitude v/s time and amplitude distribution for each group of channels for
load case D40_T1L2_P1
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Table 5.1 Summary of results from intensity analysis
Load case
Ch
H(I)
Sr
Day 1
1
1.6923 0.4092978
2
4.1345 2.8115266
SR_T1Sh_P1
4
1.7944 1.182119
SR_T1L1_T2Sh_P1
1
1.7248 0.7268089
2
4.7781 4.666073
SS_T1L1_T2Sh_P1
4
1.8084
2.02099
Day 2
1
3.5734 1.828658
2
1.5382 0.1314977
3
1.9317 0.2202832
SR_T1L1_P1
4
2.5096 1.131428
1
3.6234 2.819298
2
2.5441 2.118286
SR_T1L1_T2Sh_P1
3
3.3408 2.764154
4
3.2852 1.926441
1
3.6234 3.318278
2
2.0863 2.2011911
D40_T1L1
3
2.4983 2.8609122
4
3.2852 2.236809
Day 3
SR_T1L1_P1
1
1.6818 0.380152
2
2.1837 0.5556734
3
2.4037 0.912621
SS-T1L1_P1
4
2.1466 0.5037685
1
1.6818 0.4604768
2
2.1837 0.732244
SR_T1L1_T2L2_P1
3
2.4037 1.133441
4
2.1466 0.6071269
1
1.6818 0.795928
2
2.3526 0.951051
D40_T1L2_P1
3
2.4037 1.420995
4
2.2584 1.038586
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Intensity chart for Day 1

10
SR_T1Sh_P1

Severity

2
2

SR_T1L1_T2Sh_P1
SS_T1L1_T2Sh_P1

4

1
1

Historic Index

10

Figure 5.10 Intensity chart for load cases of Day1
Intensity Chart for Day2 (Ch# 1 & 4)
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Figure 5.11 Intensity charts for load cases on Day 2
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Intensity Chart for Day 3 (Ch# 1 & 4)
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Figure 5.12 Intensity charts for load cases on Day 3
The intensity charts for the second and third days seem to reflect the observations made
using the qualitative evaluations done previously quite well. The load cases on the second day of
testing were applied directly on the girder being monitored, thus the channels were able to
acquire a better response of the bridge to these moving loads. Comparing the charts at the two
locations, we see that from Fig.5.11 the first load case (SR/SS_T1L1_P1) seems to initiate a
more appreciable response from the channels 1 and 4 placed on the girder than the diaphragm.
By the second and thirds load cases channels at both locations seem to have close intensity
values.
On day 3 of testing the sensors were still attached to Girder 4, but load passage did not
generate too much of a response from the monitored regions. This can be seen from the very low
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intensity values plotted in Fig 5.12. This could be because of the Kaiser effect characteristic of
concrete, the loads not being higher than the previous day must have not initiated any new
damage. The typical trend expected of higher intensity points to lie towards the right corner of
the chart is still visible.
An important observation one can make from all the intensity charts are the close location
of the intensity values from the dynamic load case to the previous static load case. A similar
trend was observed in the RC beam specimens tested in the lab (Chapter 3), where we concluded
that damage due to repetitive cyclic loads is not distinct unless a serious damage had occurred
during the process. Thus, from the intensity charts developed for the bridge condition we may
infer that no new or serious damage has occurred in the structure during the course of this test.
The intensity charts here are not divided into damage zones as zones described previously are
only tentative. Yet, one can still understand from the low values in the intensity chart that the
loads applied to the bridge structure are very small compared to the ultimate capacity of the
structure as a whole and thus resulted in not inducing any serious damage to the structure.
5.3 Steel Bridge Monitoring
In this thesis our discussions were mainly focused on reinforced concrete specimens and
structures. The advent of the acoustic emission testing technique for concrete materials is fairly
recent, compared to its applications in materials like Steel and FRP. During the course of this
research, we had the opportunity to conduct an acoustic emission monitoring for a steel bridge as
well. Thus the intensity analysis results from this test are also discussed in the following section.
The parameters that constitute the intensity value calculations are material specific. Thus
while analyzing the AE data from this bridge the following limits for K were used for
determining Historic index [H (I)].
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For N < 15, K = 0; 16< N <75, K = N – 15; 76 < N < 1000, K = 0.8 N; N > 1000, K = N-200 and
J values for N < 10, J = 0; N > 10, J = 10. (Chotickai 2001).
The intensity chart for metal piping systems has already been developed as seen in Fig
5.13. Each of the zones represented here help assess the necessary remedial measures as shown
in Table 5.2. The damage intensity values obtained from the case study discussed further on in
this chapter will be assessed based on the chart shown below.

Figure 5.13 Intensity chart developed for a metal piping system (Gostautas 2005)
Table 5.2 Intensity zone significance (Gostautas 2005)
Zone
A
B
C
D
E

Remedial measure
Insignificant acoustic emission, no follow up
recommended
Note for reference in future tests, typically minor surface
defects such as corrosion, pitting, gouges or cracked
attachment welds
Defect that requires follow up evaluation
Significant defect requiring follow up inspection
Major defect requiring immediate shut down and follow
up inspection

Case study of a steel bridge
This bridge is located along highway LA-1 over the Intracoastal Waterway in Port Allen,
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Louisiana. The bridge consists of multiple spans with varying span lengths. The span that was
tested is 59 ft long with four steel girders (W36X182) supporting a concrete deck. The girders
were spaced at 8 ft 8 in (center to center). The girders are bolted to a cross-girder that supports
them, which is bolted to the columns.
5.3.1 Loading Schedule and Equipment Setup
The objective for this test was to assess the structural behavior of the monitored span due to
overloads. The plan was to compare the acoustic data collected from normal traffic on the bridge
to that of the overload passage. Since the highway structure is located near a port the normal
traffic also comprises of heavy trucks.
Again due to the limitation of the type and number of sensors regions expected to show
higher acoustic activity were chosen for monitoring. Two of the sensors were placed under a
girder around the mid-span and the other two were located at the column-beam joint as seen in
Fig 5.14.

Figure 5.14 Acoustic sensors locations on steel bridge
The threshold level for optimal acquisition was set at 40 dB. This level was ascertained
based on observations made while there was no traffic on the bridge and during regular traffic.
Under the chosen threshold level no acoustic activity was observed in the absence of any vehicle
on the bridge.
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Figure 5.15 Oversize load on bridge

The oversize load comprised of two trucks and two trailers, weighing a total of 540kips.
The truck was 20 ft wide and 230.5 ft long. A picture showing the trucks configuration is shown
in Fig 5.15.
5.3.2 Discussion of Results for Steel Bridge
5.3.2.1 Qualitative Results
The monitoring basically consisted of a comparison between two phases of loading:
during normal traffic passage and overload passage over the bridge. The cumulative number of
hits and amplitude distribution for both loading phases is shown in the following Figs 5.16- 5.18.
The x-axis represents time and y-axis represents cumulative number of hits in Figs 5.16
and 5.17, while the x-axis is the amplitude in dB and y-axis represents number of hits in Fig
5.18. Clearly for the Figs 5.16 and 5.17 we may observe that the response of the sensors located
at the girders were very weak when compared to the other two channels.
Upon comparing the signal intensities obtained during both phases of loading the following
observations may be made.
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¾

The signal amplitudes from the varied loading conditions rarely exceed 60 - 70dB. This

may imply that no significant damage had occurred during the time the structure was being
monitored.
¾ The signals were much stronger from channels 3 and 4 located at the beam-column joint
implying some relative displacement between the members does occur in this region of the
bridge during loading.
¾ As expected, the acoustic activity due to the overload is greater than the normal traffic
consisting of both light vehicles and heavy trucks. But the increase does not look significant to
conclude that the monitored areas need more scrutiny.
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Figure 5.16 Cumulative AE hit rate for channels 1 and 2 (top) channel 3 and 4 (bottom) normal traffic phase
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Figure 5.17 Cumulative AE hit rate for channels 1 and 2 (top) channel 3 and 4 (bottom) overload phase
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Figure 5.18 Amplitude distributions - normal traffic phase (top) and overload phase
(bottom)
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5.3.2.2 Damage Quantification
The intensity chart for metal piping system shown in Fig 5.13 is used to compare the steel
bridge results. Since strong signals were recorded by only sensors 3 and 4 located at the beamcolumn joint, significant plots that give quantitative results for these channels alone are
represented in Fig 5.13. On analyzing the signal strengths obtained from this test, in both loading
conditions; one observes that under both loading conditions only channels 3 has larger intensity
value (Fig 5.19).
Most of the plotted data points fell into the insignificant damage region except from the
overload case for channel 3 which appears in zone C which implies presence of a defect. Thus,
this point signifies that the location is to be noted for reference in future tests as the minor
emission may be due to various reasons like corrosion, cracked attachment welds, etc. This
corroborates well with the field observations along with the previously specified qualitative
results and observations made from strain gauges.

Figure 5.19 Intensity chart for acoustic activity from channel 3 and 4
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5.4 Summary of Results
The observations and results obtained from the acoustic emission data of two field bridge
tests under live load conditions are discussed. The following observations were made through
both qualitative and quantitative analysis techniques of damage.
1.

The overall trend seen is that a good part of the structural behavior under live load

conditions can be captured from the acoustic parametric signatures.
2.

The use of intensity charts may help in better estimating the damage severity, although

clearly marked zones of damage are not yet prescribed for certain materials like concrete.
3.

The choice of sensors used also greatly influence the quality of data collected. In this

study only four R6I-AST sensors with a resonant frequency at 55 kHz were used. This kind of
sensor is usually more suited for laboratory situations of testing than field tests. Thus, use of
more number of main and guard sensors of higher resonant frequency like R15I (resonant
frequency 150 kHz) is recommended for future bridge tests (Chotickai 2001).
4.

The intensity analysis technique of damage quantification can be used to trace the health

of a bridge; if implemented right from the start of the bridge’s service along with intermittent
monitoring.
5.

The test and analysis results all revealed that both structures monitored had no real issues

with their structural integrity. The intensity analysis further supplemented the results by giving a
quantitative measure of this outcome.
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CHAPTER 6 - SUMMARY AND CONCLUSIONS
6.1 Summary
This study focused on developing quantitative measures of evaluating the structural
integrity of reinforced concrete. The intensity analysis technique of quantitative assessment
proposed for other materials like metals and FRP is used for evaluating the conventional AE data
parameters from RC beam specimens.
To achieve the goals of this research a series of laboratory experiments were conducted
on reinforced concrete beam specimens. All beam specimens were subjected to cyclic loads
simulating only bending-mode failure conditions.

During the period of testing the changes in

integrity of the beam under increasing loads could be monitored by simply observing amplitude
and energy distribution plots generated by the data acquisition system. These plots helped to
make a qualitative assessment of the extent of deterioration caused due to the varied load
conditions. Post-test analysis of the AE data collected using the intensity analysis technique
helped to quantify and better understand the damage intensity in the beams. The results from the
experiments clearly show that the intensity analysis technique can help track the progression of
damage of RC beams subjected to cyclic loads.
Intensity charts are generated from two main components: Historic index and Severity
values. Both quantities are determined from the signal strength parameter collected during
testing. A gradation of intensity points from the left end of the chart towards the right corner
reflects the level of damage in the monitored region.
Later, the AE data collected from the tests conducted were reanalyzed using other
damage assessment techniques like Felicity ratio and NDIS criterion. A good correlation was
observed between the results obtained from all three methods.
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Ultimately, the effectiveness of this technique is evaluated using the AE data collected
from two field bridge tests. Both a prestressed concrete and steel bridge were tested. Although,
the integrity of the entire bridge structure could not be evaluated due to limitation of the number
and type of sensors a general trend similar to that observed in the laboratory beam specimens
was noticed. The results obtained from the laboratory and field tests conducted have emphasized
the need to develop standardized intensity charts and procedures to quantify damage in RC
members.
6.2 Conclusions
Based on the intensity analysis results obtained from testing four reinforced concrete
beam specimens and field bridge tests the following conclusions may be drawn:

•

The structural integrity of reinforced concrete members can be sufficiently quantified using

the intensity analysis technique.

•

The characteristic trend observed in intensity charts of the gradual gradation of lesser

intensity events from the left corner of the chart to higher intensity events to the upper right
corner of the chart helps to quantify the extent of damage in a specimen.

•

Tentative intensity zone trends proposed using the results obtained from testing beams B3

and B4 cannot be generalized due to the limited number of specimens tested, number of sensors
used and modes of failure explored.

•

Combining the intensity analysis results along with other physical parameters like strain may

help to give a more complete assessment of the inspected region of a component.

•

The intensity analysis shows great potential in becoming an effective tool for quantitative

evaluation that enables continuous monitoring in field bridge structures.
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6.3 Recommendations for Further Research
An appreciable amount of work still needs to be done to be able to use the intensity charts for
practical purposes. The following are a few recommendations made for further research efforts.
1. A better understanding should be developed as to the basis on which N and K values required
for historic index determination are generated, so that they may be fine tuned to the requirements
of materials like concrete and put to practical use.
2. A larger number of samples should be tested while aiming to develop standard intensity
curves accounting for all modes of failure and characteristics of reinforced concrete specimens.
3. The influence of flexural crack presence in a monitored specimen with sensors placed at the
tension side of the beam, on acquisition of signal strength needs to be investigated.
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